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Introduction
The vertebrate retina contains two types of photoreceptors, rods and cones, that differ in their responsiveness to light. For example, while rods are hundred times more light-sensitive than cones, cone electrical responses are faster during both the excitation and recovery phases {Korenbrot, 2012 #7097;Ingram, 2016 #7800}. The first step in vision involves photoisomerization of the visual pigment rhodopsin which activates a G-protein mediated signaling cascade leading to activation of a cGMPspecific phosphodiesterase (PDE6) in the outer segment of rod and cone cells. This results in lowering of cGMP levels and closure of cGMP-gated ion channel leading to membrane hyperpolarization {Arshavsky, 2012 #7055}. Rod and cone photoreceptors express homologues of all of the phototransduction components mentioned above {Korenbrot, 2012 #7097}. Whereas cone PDE6 (gene name: PDE6C) consists of two identical catalytic subunits to which two cone-specific inhibitory γsubunits (gene name: PDE6H) bind, rod PDE6 is a catalytic heterodimer (gene names: PDE6A and PDE6B) whose activity is regulated by two rod-specific inhibitory γ-subunits (gene name: PDE6G).
In mammals, there are eleven Class I PDE families that share a highly conserved catalytic domain whose catalytic activity is regulated by the N-terminal regulatory domain {Conti, 2007 #6660;Francis, 2011 #6969}. Of the eleven PDE families, five (PDE2, PDE5, PDE6, PDE10, and PDE11) contain two tandem regulatory GAF domains (GAFa and GAFb), so named for the identification of this protein domain in cGMP-binding phosphodiesterases, cyanobacterial Adenylyl cyclases and transcription factor FhlA {Heikaus, 2009 #6958}. Binding of cGMP to the GAFa domain of PDE5 results in allosteric stimulation of catalytic activity {Zoraghi, 2004 #5442; Wang, 2010 #6963; Biswas, 2011 #7075}. PDE6 GAF domains are believed to serve multiple functions: (a) enhance dimerization of the catalytic subunits; In this study, we report 3.3 Å x-ray crystal structure of the unliganded GAFab of PDE6C where its GAFa domain has close structural similarity to rod PDE6 and PDE5 GAFab domains but the PDE6C GAFb domain exhibiting significant structural differences. We hypothesized that binding of cGMP and Pγ induces discrete conformational changes that originate in the regulatory GAF domains and communicated to the catalytic domains, thereby providing a mode of allosteric regulation of the active lifetime of PDE6. To test this, chemical cross-linking and mass spectrometry analysis (CXMS) were used to characterize the conformational changes that occur upon binding of Pγ or/and cGMP to GAFab.
Integrative structural modeling of the cross-linked peptides observed in the four possible liganded states (apo, cGMP bound, Pγ bound, and cGMP and Pγ bound) revealed discrete structural changes that occur in both GAFa and GAFb domains upon binding of cGMP or/and Pγ to GAFab. MD simulations of the crosslink refined apo state structure and the cGMP-bound structure substantiated our hypothesis that cGMP binding induces conformational changes that are allosterically communicated to the GAFb domain, and also supported the idea that the homodimer has intrinsic structural asymmetry. NMR spectroscopy analysis of isotopically-labeled Pγ in the absence or presence of GAFab identified the central polycationic region of Pγ as the primary site of interaction with the GAFb domain of PDE6C. This study provides the most comprehensive analysis of allosterically-induced conformational changes in cone photoreceptor PDE6 that likely contributes to determining the basal activity and the activated lifetime of PDE6 during visual transduction in rod and cone photoreceptors.
Results

X-ray structure of the cone PDE6 regulatory GAF domains.
Because of the inability to heterologously express full-length cone PDE6 catalytic subunits in sufficient quantities for structural studies {Gopalakrishna, 2016 #7647}, we relied on previous success with expression of PDE5 GAFab {Wang, 2010 #6963} and the isolated GAFa domain of chicken cone PDE6C {Martinez, 2008 #6847} to construct expression vectors for bacterial expression and purification of residues 42-458 of chicken cone PDE6C containing a 6His tag (Fig. S1A) . We also expressed and purified the corresponding chicken cone Pγ subunit consisting of its first 58 residues. Purified recombinant GAFab was judged to be properly folded, based on its apparent MW observed by gel filtration as well as its ability to bind cGMP to the GAFa domain with a K D value (20 nM) similar to values reported previously [Fig. S1B; {Huang, 2004 #5662}] .
Purified PDE6C GAFab was then crystallized, and its structure determined from crystals in the space group of P65 with cell dimensions of a = b = 148.5, and c = 93.7 Å (Table 1) . The structure was solved by using the PDE5 GAFab structure (Wang et al., 2010) as the initial model, and refined to Rfactor of 0.207 for 16489 reflections at 3.2 -50 Å resolution (Table 1) . Residues 48-451 of the primary sequence of PDE6C were traceable, except for residues Lys286 to Thr309 ( Fig. 2A, arrows) . Fig. S2 provides domain boundaries and secondary structure elements for the PDE6C GAFab structure.
The PDE6 GAFab molecule is a homodimeric structure ( Fig. 2A ) that has the same fold as the homodimeric GAFab domains of PDE2 (Pandit, 2009) and PDE5 (Wang et al., 2010) , as well as with the heterodimeric rod PDE6 [Fig. 2B; (Irwin et al., 2019) {Gulati, 2019 #7980}. The two subunits of the cone GAFab dimer overall exhibit symmetry (RMSF = 0.74 Å; Fig. S1C ).
The structural superposition of the PDE6C GAFa (residues 74-225) over its cGMP complex from (Martinez et al., 2008) revealed an average shift of 0.6 Å for the Cα atoms, suggesting that cGMP binding does not induce dramatic conformational changes within the GAFa domain (Fig. 2C ). The largest movement among the cGMP binding residues (Phe99, Leu115, Asn116, Phe136, Ser165, and Thr172, Figs. 2C and 2D) is 1.1 Å for the Cα Asn116 whose side chain forms a hydrogen bond with the base nitrogen of cGMP.
A comparison of the rod {Irwin, 2019 #8185} and cone GAFab structures ( Fig. 2A ) reveals greater differences in the GAFb domains compared with more limited structural differences predicted for the GAFa domains ( Fig. S3 ). Excluding the N-terminal and C-terminal regions, the average RMSD for GAFa was approximately 2-fold lower than for GAFb (mean RMSD values of 3.6 Å and 6.3 Å, respectively). These structural differences may reflect underlying functional differences in the allosteric regulatory mechanisms of rod and cone PDE6, especially in the GAFb domain where a previous study suggesting that the β1/β2 loop of GAFb may serve as a relay for signaling cGMP occupancy from the GAFa binding site to the active site in the catalytic domain {Gulati, 2019 #7980}.
Solution structure of the unliganded state of GAFab determined by chemical cross-linking and mass spectrometry
To investigate the allosteric regulation of the PDE6C GAFab regulatory domain, we first carried out chemical cross-linking coupled with liquid chromatography/mass spectrometry (XL-MS) to evaluate the structure of GAFab in solution and to create a structural model for the missing residues that were not resolved in the crystal structure. Fig. 3A shows a typical cross-linking experiment using BS3 that shows the appearance of gel-shifted bands corresponding to the cross-linked GAFab dimer. We also conducted cross-linking experiments in the presence of cGMP and/or Pγ1-58 (described below). The gel bands corresponding to the GAFab dimer (~100 kDa) were excised, proteolyzed, and analyzed by MS. Crosslinked peptides identified for the GAFab apo state were used as spatial restraints for integrative structural modeling using the crystal structure as the template. Fig. 3B demonstrates that the solution structure of the apo state of GAFab, refined by spatial restraints imposed by more than 40 cross-links, was very similar to the x-ray structure in Fig. 2A . In particular, most of the α-helical and β-strand secondary structural features of the cross-linking-based structural model superimpose well with the crystal structure. Fig. S4 shows an RMSD plot as a function of amino acid residue number and includes the location of the cross-linking sites that were used in structural modeling of the GAFab solution structure in its apo state. Structural alignment of the GAFa domains of the apo and crystal structure ( Fig. 3C ) reveal that the spatial restraints imposed by the crosslinking data result in significant differences in the solution structure in the α4 helix (near the opening to the cGMP binding site), and the β4 strand and adjoining loop region (residues 199 to 205). The GAFb domain of the solution structure also closely superimposes on the crystal structure ( Fig. 3D ), with the cross-linking results allowing us to generate a structural model for the β1/β2 loop (residues 288 to 310) that was missing in the crystal structure. Fig 4B) . When comparing the cGMP-bound GAFa structure (PDBID: 3DBA) with our results, the α3,α4 and β strands forming the cGMP pocket in GAFa have similar conformations.
Structural differences of GAFab complexed with cGMP and/or Pγ revealed by chemical cross-
linking/MS analysis
We identified 54 cross-links that were used to model the structure of GAFab bound to Pγ, while 59 cross-links were found for the cGMP/Pγ bound form of GAFab. In contrast to the apo GAFab or cGMP-bound states of GAFab, Pγ-bound GAFab showed downward displacement of the GAFb β1/β2 loop, similar to that reported for rod PDE6 {Gulati, 2019 #7980}{Irwin, 2019 #8185}. Binding of Pγ to GAFab also resulted in displacement of GAFa domain particularly α4 region toward GAFb as compared to Apo GAFab ( Fig 4A) . Conformational changes observed in both Pγ and cGMP bound GAFab are similar to those found in only Pγ bound state of GAFab (Fig 4C) .
Molecular dynamics (MD) simulations of unliganded and cGMP-bound GAFab reveal subunit asymmetry and allosteric communication
To evaluate the conformational dynamics and allosteric coupling within the two subunits of the PDE6 homodimer, we carried out three independent long time-scale MD simulations (see Methods and Table S1 ) of the PDE6 crystal structure as well as of the refined (based on cross-linking data) structural models of the PDE6 in the apo and cGMP-liganded states. For all simulations based on each of these PDE6 structures, we computed various conformational metrics (root mean squared deviation/fluctuation, RMSD/F; buried surface area, BSA; inter-domain center-of-mass distances, dynamic residue-residue cross correlation, DCC) that provide details on dynamics spanning individual residues to subdomains (GAFa/GAFb). The RMSD analysis reports on the flexibility of individual subdomains, RMSF reports on the flexibility of each amino acid residue, DCC analysis reports on correlated motions, while inter-domain center-of-mass distances and BSA report on the relative movements and buried surface areas between subdomains.
Analysis of the crystal structure-assessment of the stability of the subdomain structural fold: In Fig. S6 , we report data on conformational metrics based on simulations of the crystal structure of PDE6 homodimer. The results based on RMSF and RMSD data (panels B and C in Fig. S6 ) show that the GAFa and LH1 subdomains in each subunit ( Fig. S6A ) are least flexible, while GAFb subdomains show bimodal RMSD distributions highlighting two distinct conformational states. The overall RMSD values for all subdomains range between 0-6 Å except those of the LH2 subdomains which range between 0-10 Å (with mean values ~5 Å). The higher flexibility of the LH2 domain is due to their location at the free termini of subunits. We also observed that the BSA between GAFa subdomains (~70-280 Å 2 ) is significantly higher than the BSA between GAFb subdomains (~0-120 Å 2 ). We observed the highest BSA between the LH1 motifs (~1100-14000 Å 2 ) followed by BSA between the C-terminal (~500-1100 Å 2 ) and N-terminal helices (~300-800 Å 2 ), respectively. Collectively, these data indicate that the overall subdomain folds resolved in the crystal structure as well as interfacial contact areas between subdomains are stably maintained in solutions states explored by MD simulations.
Analysis of the apo and cGMP-liganded states of PDE6-subunit asymmetry and allosteric
communication. In Fig. 5 , we report ∆RMSF values comparing each chain of the homodimer in the apo and cGMP-liganded states. A value of ∆RMSF = 0 (or a very small difference) for each residue will indicate that the homodimer is dynamically evolving in a symmetric way with no major differences between individual chains and their subdomains. However, we observed that both GAFa and GAFb domains from each chain show a finite and non-negligible difference in flexibility per residue with GAFb domains showing more pronounced differences. This highlights asymmetric conformational evolution of the PDE6 homodimer both in the apo state and in the cGMP bound state.
In Figs. S7 and S8, we report conformational metrics for the apo and cGMP-liganded states.
These data highlight that the distributions of RMSD for GAFa subdomains are unimodal in the apo state, but bimodal in the cGMP bound state indicating a lower population of a moderately more flexible state on binding of cGMP. This trend is further captured in BSA distributions where more buried surface between GAFa domains is observed in the cGMP bound state of the homodimer in comparison to the apo-state suggesting that the GAFa subdomains move closer to each other on cGMP binding. For GAFb subdomains, we do not observe any major differences as the distributions of RMSD in both apo and cGMP bound states are bimodal. Similarly, for other structural motifs, the RMSD distributions do not highlight any major differences in flexibility, but BSA distributions show that the BSA between the helical motifs at the N-and C-terminus significantly increased on cGMP binding. This observation highlights allosteric perturbations on cGMP binding, mostly stabilizing interfaces between the terminal motifs. We surmise that the C-terminal helices moving closer could alter the conformation of catalytic domains thereby highlighting the role of cGMP in initiating allosteric communication. Our residueresidue DCC analysis (Fig. 6 ) further showed signatures of asymmetry and allostery within the individual subunits of the PDE6 homodimer. For example, the LH2 motif showed increased correlation with residues in the GAFb subdomain of chain B on cGMP binding, while the same motif showed increased correlation with the GAFa subdomain in chain A on cGMP binding. We also observed that on cGMP binding, the LH1 motifs became more correlated with the GAFa subdomains in respective chains of the homodimer, while simultaneously several loops in GAFa/GAFb subdomains became less correlated within the respective chains. Collectively, MD simulation analyses provided evidence for the stability of the solution state fold of the PDE6 conformation observed in the crystal structure, or asymmetry in the dynamics of each chain, and allosteric perturbations on cGMP binding.
Binding of the central region of Pγ to the GAFb domain
Our XL-MS analysis identified 18 inter-subunit cross-links for the Pγ bound state of GAFab and 17 inter-subunit cross-links for GAFab bound to both Pγ and cGMP. These cross-links permitted integrative structural modeling with the Integrated Modeling Platform to "dock" residues 23 to 50 of Pγ 
Characterization of cone Pγ1-58 and its binding to GAFab by solution NMR spectroscopy.
Solution NMR spectroscopy was utilized to further characterize Pγ and its interactions with GAFab.
Isotopically enriched Pγ ( 13 C, 15 N) was expressed in E. coli, purified, and standard 2-dimensional (2D) and 3-dimensional (3D) solution NMR experiments were performed for Pγ backbone and side chain assignments. The narrow dispersion of backbone 1 H chemical shifts between 7.5 and 0.9 ppm in the2D 1 H-15 N HSQC spectrum is indicative of the intrinsically disordered nature of Pγ. In contrast, well-ordered protein spectra are typically characterized by a wider dispersion of backbone 1 H resonances well beyond the 1.5 ppm range of intrinsically disordered proteins. Based on 3D HNCA, HNCACB, and HNCO spectra, 46 of the 58 Pγ resonances were assigned ( Fig 8A) . The only residues that could not be assigned were the 9 prolines and the first 3 amino acids of the sequence.
To probe the binding interface of Pγ, we mixed the chicken cone Pγ fragment (isotopically enriched) with the regulatory GAFab domain (unlabeled, natural abundance). The addition of GAFab induced significant changes in the Pγ 1 H-15 N HSQC spectrum ( Fig 8B) . The Pγ residues that make contact with GAFab are expected to exhibit the greatest chemical shift perturbations and NMR signal broadening resulting in signal attenuation. The most significant effects were observed for the F28-S38 region, where the peaks were barely detectable, very close to the baseline. Smaller attenuation and shifts were observed for neighboring residues (e.g. T20, G24, K27, and K42), which suggests that although these residues may not be directly interacting with GAFab, they are in close proximity to the binding interface and are affected by indirect effects. The N-terminal residues (N4-D13) of Pγ were the least affected by the binding, as inferred not only from the lack of chemical shift perturbations but the consistent NMR signal intensity of the free and bound Pγ.
Discussion
This paper reports determination of the x-ray crystal structure for the chicken cone PDE6C GAFab regulatory domains. In addition, we employed a number of structural approaches to examine conformational changes in the GAFab structure upon binding of cGMP and/or Pγ, including XL-MS combined with integrative structural modeling, MD simulations (to probe cGMP-induced allostery), and NMR spectroscopy (to identify Pγ residues that interact with GAFab).
The overall x-ray structure depicts prototypical GAFa and GAFb domains with parallel organization of the two subunits, consistent with other GAF-containing PDEs, and shows the greatest structural homology with the homomeric PDE5 GAFab structure {Wang, 2010 #6963}. All of the secondary structure elements in the cone PDE6C GAFa and GAFb domains are closely aligned with those found in XL-MS coupled with integrative structural modeling of cone PDE6C GAFab provided the ability to compare the dynamic solution structure of GAFab to its static crystal structure. Overall, the cross-linked refined apo GAFab structure agrees quite well with the crystal structure but MD simulations provided additional information about flexible regions that may assume different conformations in solution compared to the crystalline state leading to asymmetry in subunits of PDE6 homodimer. Specifically, cross-links identified within the GAFb domain permitted us to develop a structural model for the β1/β2
loop that was not resolved in the x-ray structure. Interestingly, the conformation of the β1/β2 loop in the apo GAFab structural model differs from published crystal structures of other GAF-containing PDEs as well as differing from the cryo-EM structure of bovine rod PDE6 {Gulati, 2019 #7980}. The mobility of this structural element is reflected in the different predicted conformations of the GAFb β1/β2 loop upon binding of cGMP or Pγ (Fig. 4 ). It appears that in the two states in which Pγ is bound, the β1/β2 loop is oriented in an extended downward conformation (i.e., toward the catalytic domain, were it to be present).
We hypothesize that the binding of Pγ to the GAFb domain imposes conformational constraints that may orient it to participate in the proposed allosteric communication network.
Previous studies have shown that binding of cGMP to its noncatalytic binding sites in the GAFa the catalytic domain that alter the affinity with which transducin or RGS9-1 binds. Future efforts will be directed at obtaining additional structural information about the dynamic intra-and inter-molecular communication network of the PDE6 holoenzyme so that the regulation of PDE6 activation lifetime by the photoreceptor G protein and the RGS9-1 inactivation complex can be integrated with the GAFab allosteric communication network described in this study.
Materials and Methods
Expression and purification of the tandem GAF domains of cone PDE6
The nucleotide sequence corresponding to amino acid residues 42-458 of the chicken cone PDE6 catalytic subunit (UniProtKB P52731) was cloned into the pET47b expression vector containing a Cterminal 6-His fusion tag. The sequence-verified construct was transformed into E. coli Rosetta cells and grown at 37 °C in LB media to an OD600 of ~0.8. Then, 0.05 mM isopropyl-β-D-1-thiogalactopyranoside was added and the cells incubated at 18 ºC for 18 h. The cell pellet was resuspended in 20 mM Tris, 100 mM NaCl, pH 8.0 and disrupted by sonication. The recombinant protein was purified from the cell extract using a 1 ml HisTrap HP column with the GAFab protein being eluted from the resin with a buffer consisting of 100 mM imidazole, 100 mM NaCl and 20 mM Tris (pH 7.5). The affinity-purified protein was buffer exchanged with 50 mM Tris, 100 mM NaCl, 1 mM β-mercaptoehtanol, 1 mM EDTA, pH 7.5) prior to Superdex 200 gel filtration chromatography. The apparent molecular weight and purity of GAFab was evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein concentrations were determined by the bicinchoninic acid protein assay {Smith, 1985 #1322} using bovine gamma globulin as standard. Measurements of cGMP binding to GAFab were performed as described previously.
Construction and purification of C-terminal truncated chicken cone Pγ1-58 DNA fragments coding for chicken cone Pγ1-58 was inserted into the NdeI and BamHI sites of the pET11a vector, followed by transformation into the E. coli BL21(DE3) strain. Culture was grown on 2X-TY media at 37ºC until O.D reached 0.6 followed by induction with 0.3mM IPTG. Cells were grown at 30C for 4hr after induction. Following expression, the bacterial extract was purified by HiTrap SP FF column from GE. The Pγ mutants were further purified by C18 reverse-phase high pressure liquid chromatography following standard procedure {Artemyev, 1998 #3585}. The purity of these proteins was determined to be >95% as evaluated by SDS-PAGE. Protein concentrations were evaluated by BCA protein assay using bovine γ-globulin as a standard. 
Cross-linked peptide identification
Cross-linked peptides were identified using an integrated module in Protein Prospector, based on a bioinformatic strategy described previously {Chu, 2010 #7046;Trnka, 2014 #8096}. The score of a cross-linked peptide was based on the number and types of fragments ions identified, as wells as the sequence and the charge state of the cross-linked peptides. Only results where the score difference is greater than 0 (i.e the cross-linked peptide match was better than a single peptide match alone) are considered. The expectation values are calculated based on matches to single peptides and thus should be treated as another score, rather than a statistical measure of reliability.
Structural modeling
The GAFab x-ray crystal structure was used as template and cross-linking data was applied as distance restraints in Modeller v9.11 to obtain the cross-link refined solution structure of GAFab under all four condition as discussed above. Symmetry was enforced for the two subunits. The comparative model with lowest DOPE score (out of 10) was selected.
To perform docking of Pγ to GAFab, the Integrated Modeling Platform [IMP; {Sali, 1993 #7154}] was used with GAFab considered as a single rigid body, and Pγ residues 23-50 treated as a rigid body. The homologous Pγ residues from rod PDE6 holoenzyme {Irwin, 2019 #8185} were used as a template for initial docking, and IMP was run with a high temperature of 2.0, a low temperature of 0.5, and using a new system configuration at each step. The top 100 scoring models were generated and saved, and IMP was then used to perform clustering on the top 100 models in order to aid in model selection.
The best fitting model was run in Modeller using the same cross-linking restraints in order to further refine the model, evaluate stereochemical quality, and fill in the missing atoms. Secondary structure identification was initially determined by Pymol version 2.3 (Schrodinger).
To evaluate potential differences between the two subunits of GAFab and to assess conformational changes occurring upon ligand binding, analysis of the root mean square deviations (RMSD) of our structural model with other available structures was carried out using Visual Molecular Dynamics (VMD) software version 1.9.3 {Humphrey, 1996 #8076}.
System setup and MD simulation details
The software Visual Molecular Dynamics (VMD) {Humphrey, 1996 #8076} was used to prepare all systems and analyze simulation trajectories. All simulations were performed using the NAMD software {Phillips, 2005 #7709} with three different structures of GAFab: The x-ray structure and the structural models (consisting of residues 42-458) of the unliganded (apo) and cGMP-bound GAFab states. We note that the x-ray structure PDE6 does not contain a portion of the GAFb β1/β2 flexible loop (residues 286-310), whereas the two cross-link refined structural models include this loop. In the cGMP-bound structural model, a cGMP molecule was docked in each GAFa binding site based on the atomic coordinates of cGMP reported for the published chicken cone GAF structure (PDB ID: 3DBA).
The three structures were solvated with TIP3P water molecules and the systems were neutralized with NaCl and MgCl2. After 500 steps of conjugate-gradient minimization, we equilibrated the volume of the simulation domain for each system by conducting a short 1 ns MD simulation in the NPT ensemble, after which we conducted three independent long time-scale MD simulations of each system (Table S1 ). In all simulations, we used a time-step of 2 fs and the CHARMM force-field for all molecules {MacKerell, 1998 #7714; Mackerell, 2004 #7715; Huang, 2017 #8094}. The temperature was maintained (at 310 K) using a Langevin thermostat and the pressure (at 1 atm) using a Nosé-Hoover barostat. where SASA a , SASA a ′, and SASA aa ′ are the solvent-accessible surface areas (SASA) of each domain individually or both domains taken together. We used a probe radius of 1.4 Å for SASA calculations.
MD conformational metrics
Interdomain distances: To quantify the relative movement of individual domainsof PDE6, we measured distances between the center-of-mass (COM) of the following six pairs of domains in the homodimer: GAFa-GAFa'; GAFb-GAFb'; GAFa-GAFb; GAFa'-GAFb'; GAFa-GAFb'; and GAFa'-GAFb.
Dynamic Cross Correlation (DCC) Analysis:
We also carried out residue-residue (Cα-Cα) DCC analysis for different states of PDE6. Specifically, for a pair of atoms i and j, the correlation coefficient Cij was computed using time-averaged displacements (∆ri and ∆rj) from the mean positions.
NMR spectroscopy
Uniformly 13 C, 15 N enriched Pγ was produced by expressing the protein in M9 minimal medium supplemented with 15 NH4Cl and 13 C6-glucose (for uniform labeling with nitrogen-15 and carbon-13), respectively. After purification, Pγ was resuspended in a buffer containing 20 mM Tris, 50 mM NaCl, 1 mM MgCl2, pH 7.5. D2O, NaN3, and DSS were added for a final concentration of 5% v/v, 1 mM, and 200 μM, respectively. NMR spectra were collected at 25 °C on a Bruker Avance III HD 700 MHz NMR spectrometer equipped with a quadruple resonance inverse QCI-F CryoProbe at the City University of New York Advanced Science Research Center (CUNY ASRC) Biomolecular NMR Facility and on a Bruker Avance NEO 700 MHz NMR spectrometer equipped with a 5-mm triple resonance inverse TCI CryoProbe at the University of New Hampshire Instrumentation Center NMR facility. For backbone and sidechain assignments, 2D 1 H-15 N HSQC, and 3D HNCA, HNCACB, and HNCO spectra were collected of 50 μM uniformly 13 C, 15 N enriched Pγ. To investigate the binding properties of Pγ and GAFab, uniformly 13 C, 15 N enriched Pγ (20 μM) and natural abundance GAFab (72 μM) were mixed, and 2D 1 H-15 N HSQC spectra of Pγ were acquired (with and without GAFab). All NMR data were processed using NMRPipe {Delaglio, 1995 #8193}. Analysis and assignments of the 2D and 3D data sets were carried out using NMRFAM-Sparky {Lee, 2015 #8194}. The assignment process was facilitated by using the PINE server for initial automated assignments {Bahrami, 2009 #8192}{Lee, 2009 #8195} before completing the assignments manually. µM GAFab was incubated in the presence or absence of cGMP(10 fold molar excess) and/or 120 µM Pγ1-58 prior to addition of a 50-fold molar excess of the chemical crosslinker BS3. B. Structural alignment of cross-linked refined apo-GAFab (cyan) with x-ray structure (green). C. Superimposition of the GAFa domain of x-ray structure (green) and the apo structural model (cyan), with major differences indicated for the x-ray (red) and apo (blue). D. Superimposition of the GAFb domain of the x-ray structure (green) and the apo structure (cyan), with the β1/β2 loop (residues 285 to 310) of the apo structure highlighted in magenta that is missing in the x-ray structure. Table S1 . Cross-links identified for the apo state of PDE6C GAFab.
Crosslinking conditions were followed as described in Fig. 3 . Cross-linked peptides were identified following chemical cross-linking of apo GAFab and analyzed as described in Methods. Exp. m/z is the experimentally measured mass-to-charge ratio, z is the charge state of the peptide, and Δ is the accuracy measured in parts per million. The crosslinked peptides are defined by amino acid residue number (aa1, aa2) identified using the indicated crosslinker. Table S2 . Cross-links identified for the cGMP-liganded state of PDE6C GAFab.
Crosslinking conditions were followed as described in Fig. 3 Cross-linked peptides were identified following chemical cross-linking of GAFab pre-incubated with cGMP and analyzed as described in Methods. Abbreviations are defined in the legend to Table S1 . The chicken cone PDE6 amino acid sequence (PDE6C_CHICK, P52731) was aligned with the two subunits of the crystal structure ( Fig. 2A) with secondary structure elements highlighted in red (α-helix) or green (βstrand). The boundaries for the GAFa (residues 75-224) and GAFb (residues 256-433) domains (black arrows) are defined according to their Pfam (PF01590) entry. 
